Abstract This paper shows the importance of including region-specific circumstances in long-term climate change mitigation strategies, by example of a modeling exercise of the transport sector. Important emission reduction options in the transport sector include biofuels, electric vehicles and efficiency standards. The most effective combination of these options depends, among others, on the availability of biofuels, the effectiveness of efficiency standards, and the (expected) emission intensity of the power sector-all of which differ between regions. Differences in climate policies between regions influence these factors. For instance, fuel efficiency standards slowdown the long-term transition in regions where plugin hybrid electric cars compete with gasoline cars (such as the USA or Europe) by decreasing the costs for driving gasoline costs and therefore in fact increase long-term emissions. Another example is that promoting electric vehicles is less effective in regions which are expected to rely heavily on fossil fuels for power generation, such as South Africa, China and India. Based on these findings from the TIMER energy model, we introduce an indicative region-specific framework for assessing mitigation strategies for the transport sector up to 2050, for different ambition levels of climate policy.
Introduction
In the last few years, the scientific community has started to explore emission scenarios that achieve emission reduction targets aiming at limiting global temperature change to 2°C or less (Calvin et al. 2012; Clarke et al. 2009; Edenhofer et al. 2010; van Vuuren et al. 2007) . Most of these studies assume that climate goals are reached by implementing least-cost emission mitigation options, typically by implementing a global carbon tax. The focus on such cost-optimal scenarios is partly for methodological reasons, but also because modelers intend to inform policy makers about the cheapest way to achieve the required emission reductions. Given the focus on this generic-price instrument, studies pay little attention to the effectiveness of specific mitigation measures or to what implementation issues may arise . In this paper, we explore how results from integrated assessment models may be used to guide long-term policy making in different regions, by example of the transport sector.
There are various options to mitigate CO 2 emissions from passenger cars. First of all, policies could aim at changing behavior, for instance through reducing the mileage (by increasing the price per kilometer) or through reducing the demand for vehicles (by increasing the vehicle price; Chapman 2007) . But even if we focus only on the supply side of automotive technologies, vehicle weight reduction (Kim et al. 2011) , biofuel blending, fuel efficiency improvements, hydrogen cars (Van Mierlo et al. 2006 ) and electric cars (Barkenbus 2009 ), all have the potential to lower the CO 2 emissions per kilometer driven. Three of these options are of particular interest because of recent developments: new fuel efficiency standards are implemented in the United States of America (EPA and NHTSA 2012) , the European Union has set renewable energy targets for transport-of which the major part is expected from biofuels (European Parliament and European Council 2009), and various European governments promote electric vehicles by rebates on purchase prices (Kley et al. 2012) .
As these mitigation options interact with each other, with options to reduce CO 2 emissions in other sectors, and with other policy goals, it is difficult for governments to decide on the preferred route of transition toward a lowcarbon transport system. For example, promoting diesel cars may increase overall fuel efficiency and thereby reduce CO 2 emissions, but it also results in increased air pollution through higher emission of particulate matter (Mazzi and Dowlatabadi 2007) . Furthermore, biofuels have potential co-benefits in generating employment and improving energy security (Berndes and Hansson 2007) , but at the same time, it could threaten energy security if biofuels have to be imported, and it could challenge food security in some regions (Molony and Smith 2010) . Electric vehicles have potential co-benefits in balancing the intermittent supply of renewable energy sources (Richardson 2013) , but bear the potential to increase embodied emissions if the electricity stems from fossil power plants (Hawkins et al. 2013 ) and could be constrained by resource availability (Kushnir and Sandén 2012) .
Given the multiple trade-offs and interactions between the mitigation options in the transport sector, the choices that today's policy makers are faced with are surrounded by complexities. Model analysis can help to unravel some of these complexities. In this paper, we use the results of model analysis to provide an indicative region-specific framework for assessing mitigation strategies for passenger transport. This framework is based on the outcomes of global emission scenarios with detail on several world regions (section ''Results''). The framework itself is discussed in section ''Discussion: a regional approach to clean transport technologies''. The following section describes the methodology and main assumptions.
Method and assumptions
This study looks at two existing scenarios developed for the OECD Environmental Outlook 2012 (OECD 2012): a baseline scenario and a 450 ppm mitigation scenario (called 450 ppm Core in the OECD Environmental Outlook). In the latter scenario, CO 2 -equivalent concentrations are stabilized at 450 ppm, in line with the policy target of limiting climate change to 2°C. Both scenarios were developed by the IMAGE model framework (Bouwman et al. 2006) , which includes the TIMER energy system simulation model (van Vuuren 2006) . TIMER describes the demand and supply of various energy carriers and their transformation for 26 world regions on a yearly basis. The choice for the deployment of different energy technologies is based on their relative costs, which are in turn based on dynamics like fuel depletion and trade. TIMER explicitly models inertia due to stock lifetimes, which makes it a particularly useful model to study the long-term development of the energy system. In the 450 ppm mitigation scenario, it is assumed that emission reductions are achieved at least costs over sources and regions.
Projections for energy consumption in the baseline roughly follow the projections of the IEA Energy Outlook (IEA 2010) and are within the range found in literature as reviewed by van Vuuren et al. (2012) . The baseline projections generally do not include detailed assumptions on planned regional policies. Excluding these planned climate policies may lead to some overestimation of baseline emissions. The model's baseline and mitigation scenario forms the basis for the elaboration of assumptions on biofuels and electric vehicles in section ''Biofuels'' and ''Electric vehicles'', respectively. To assess the effectiveness of fuel efficiency standards, additional model runs were performed as elaborated below in section ''Fuel efficiency standards''.
Fuel efficiency standards
To project the effectiveness of fuel efficiency standards, the detailed TIMER travel and freight transport model as described by Girod et al. (2012) was used, which leads to energy demand and emission levels comparable to those in other transport emission models . As the effectiveness of fuel efficiency standards depends on the adoption of low-carbon alternatives without the standards, the effectiveness may depend on other policies in the transport sector. To test this, we performed two runs with the TIMER transport model: one in which the efficiency standards are introduced in a baseline case and one in which an efficiency standard is combined with a carbon tax of USD 200/tCO 2 in the transport sector.
The fuel efficiency standard in this study applies to passenger cars and light trucks on a global scale. The standard is based on the corporate average fuel economy (CAFE) standards with increasing stringency between 2016 and 2025, as proposed in the United States of America. More specifically, we applied a fuel efficiency standard increasing from 35 to 54.5 mile per gallon between 2016 and 2025 globally. In modeling terms, this means that cars that do not fulfill these requirements are no longer allowed on the market. More efficient fossil-fueled cars are made available as an alternative, but at a higher purchase price (of USD 950 per car in 2016 and USD 2900 per car by 2025), similar to the analysis by Deetman et al. (2014) . Additionally, crucial assumptions are that (1) more efficient cars lead to lower driving costs per kilometer due to lower fuel and maintenance costs (Leamy 2013) and (2) fuel efficiency standard has no spillover effects. The first assumption leads to a slight increase in emissions because our model assumes a constant travel money budget, which means that the money saved by using less fuel is available for other forms of transport. As such, we account for the so-called rebound effect, which could partly or even fully counter the emission reductions (Small and Van Dender 2007; Vivanco et al. 2014) . The latter assumption implies that there is no improvement in fuel efficiencies of cars that already fulfill the fuel efficiency requirements (see section ''Discussion: a regional approach to clean transport technologies'' for a discussion on this issue).
Biofuels
While biofuels are considered to be potentially carbonneutral, the potential for their sustainable production is projected to be limited (van Vuuren et al. 2009 ). Furthermore, it seems plausible that, over the coming decades, different sectors will be competing for the limited supply of biofuels. A wide range of biofuel types can be mixed with conventional transport fuels, which could partly mitigate the carbon dioxide emissions involved in traveling and freight transport (Bessou et al. 2011) . At the same time, biofuel feedstocks are attractive for decarbonizing the electricity sector, especially while they enable negative emissions when combined with carbon capture and sequestration (BECCS). In fact, the application of BECCS has almost become a precondition to meeting the 2°C target . The importance of biofuels is also shown by the IEA BLUE map scenario, which aims at reducing energy-related CO 2 emissions by 50 % of 2005 levels by 2050. In this scenario, about 65 exajoules (EJ) of biomass feedstock is used for transport by 2050, compared with 80 EJ for heat and power generation (IEA 2011). In the same scenario, only 37 % of the biofuels used for transport is used for road passenger transport. The other transport modes road freight, shipping, and aviation use the major share of biofuels, because these modes have fewer alternatives for decarbonization.
Biofuel availability is not necessarily regionally bound, as transport over long distances is possible, mostly by ship. However, distribution costs make up a substantial share of biofuel costs (Hamelinck et al. 2005) and if large amounts of biofuels have to be imported it may threaten energy security. Given (1) the limited supply of biofuels, (2) the competition for biofuels across sectors, and (3) the relatively large distribution costs of biofuels, it is to be expected that the optimal use of biofuels in passenger transport differs between regions. For an indication of the regional differences in availability of biofuels for transport, we look at projections of total regional biofuel production and demand-both for the baseline and the 450 ppm mitigation scenario. These projections are based on a costoptimal allocation of production of and demand for biofuels, as assumed in the Environmental Outlook (OECD 2012).
Electric vehicles
Climate benefits of switching to alternative propulsion systems, such as battery electric vehicles, depend on the constitution of the power generation sector. This may change over time and may differ between alternative climate change policy strategies. In TIMER, a typical modern gasoline car has an energy efficiency of 1.13 MJ/pkm and has an emission factor of 92 g CO 2 /MJ. This compares to 0.34 MJ/pkm and an emission factor between 16 and 82 g CO 2 /MJ (depending on the region) for full electric cars. So even though driving electric cars is projected to emit less CO 2 per km, their carbon intensity could still differ by about a factor 5 across regions-as a result of differences in the carbon intensity of the power sector between regions. Such differences raise the question where policy support for electric cars would be most effective. To gain more insight into this, we compare the projected average CO 2 intensity of electricity generation by 2050 between world regions, both in the baseline and under the mitigation policy scenario.
Results

Fuel efficiency standards
In the short term, fuel efficiency standards are expected to decrease emissions in all regions. In the longer term, however, fuel efficiency standards could be counterproductive in some countries-especially when combined with a carbon tax (Fig. 1) . As shown earlier by Deetman Regional differences in mitigation strategies 989 et al. (2014), the introduction of fuel efficiency standards in a region may lead to increased CO 2 emissions in the long term if plugin hybrid electric cars are expected to gain a substantial market share. The reason is that efficiency standards lead to lower fuel costs of conventional fossilfueled cars, which outweighs the higher purchase price (see section ''Fuel efficiency standards'' and the discussion in Chapter 4). In such a case, efficiency standards lead to lower total average costs per kilometer, and therefore, conventional cars remain more competitive over plugin hybrid electric vehicles. In our baseline, hybrid electric cars are expected to have higher market shares in wealthier countries than in poorer countries, which implies that fuel efficiency standards are generally less effective in wealthier countries. Introducing a carbon tax in our model leads to the widespread adoption of advanced low-emission vehicles in developing regions as well. If a fuel efficiency standard is enforced in addition to a carbon tax, unintended additional emissions occur by 2050 through the increased competitiveness of fossil-fueled cars in the majority of the regions. For seven of the 26 world regions in our model, the fuel efficiency standard does not lead to lower emissions by 2050, both with and without a carbon tax. For another seven regions, the standard does lead to lower emissions by 2050 in both scenarios. For the remaining 12 regions, the passenger transport emissions for all regions shown at the left for four different scenarios. For a description of all countries in the presented regions, see Bouwman et al. (2006) effectiveness of the efficiency standard depends on whether or not a carbon tax on transport is levied at the same time. This indicates the importance of an integral analysis of policy packages.
Biofuels
One of the factors relevant for the question whether or not to promote biofuels for transport is whether future-projected domestic demand for biofuels exceeds domestic supply. If this is the case, promoting biofuels may be less interesting from an energy security viewpoint, as it increases dependency on other regions. In the baseline, our model projects that globally about half of total biofuel production is used in the transport sector by 2050. Regions for which total demand exceeds total supply of biofuels include Western Europe, India and the rest of south Asia, South Africa, China, and Japan (Fig. 2) . These regions have a relatively low production potential for sustainable biofuels. If biofuels in transport were to be promoted in these regions, a high share of these fuels would likely be imported. Regions with the largest overproduction of biofuels include Central Asia, subSaharan Africa excluding South Africa, Russia, Central Europe, and Oceania.
In the 450 ppm mitigation scenario, the production and demand for biofuels is obviously much higher. According to our model, in the mitigation scenario, a much lower share of production is used in the transport sector (about 10 %). For most of the regions for which supply exceeded demand for biofuels in the baseline scenario, supply exceeds demand in the 450 ppm scenario as well. An exception is Brazil, which is projected to have a large overproduction of biofuels in a cost-optimal 450 ppm scenario. In the Middle East, demand is much higher than supply in a cost-optimal 450 ppm scenario. The regions with the largest import of biofuels in a cost-optimal 450 ppm scenario again include Western Europe, India, China, and Japan.
The above information on itself is insufficient to guide any policy, but may be valuable when combined with insights into the other mitigation options considered in this Baseline 450 ppm mitigation scenario Fig. 2 Regional biofuel demand and production in 2050, under baseline conditions (top graph) and a 450 ppm mitigation scenario (bottom graph). Source OECD (2012) Regional differences in mitigation strategies 991
paper (see section ''Discussion: a regional approach to clean transport technologies'').
Electric vehicles
In the baseline scenario, high emission intensities of the power sector are projected for regions with a large share of coal in their power supply: South Africa, India, China, Russia, Ukraine, and Indonesia (Fig. 3) . Regions with a high share of non-fossil energy (especially hydro-power) or natural gas in the baseline, such as Canada, South and Central America, and Western Europe, are projected to have relatively low emission intensities of the power supply sector. These figures indicate that without overall strong ambition in achieving deep CO 2 -emission reductions, from a climate perspective it is more interesting to deploy electric cars in Canada than in South Africa. Obviously, the emission intensity of the power sector is much lower in the climate mitigation scenario. In most regions, CO 2 emissions are even negative due to application of BECCS. There is no clear relation between the emission intensity in the baseline and in the mitigation scenario. For instance, South Africa has the highest emission intensity of power supply in the baseline, but one of the lowest in the mitigation scenario. A similar finding holds for India. This implies that the general level of climate policy ambition greatly influences the effectiveness of electric vehicles.
Discussion: a regional approach to clean transport technologies Based on the above regional insights into biofuel availability, the effectiveness of fuel efficiency standards and the CO 2 intensity of the electricity sector, a provisional evaluation of mitigation policies for transport by world region can be formulated. Table 1 shows an example of such aqualitative evaluation. It should be interpreted as an example of possible use of insights from integrated assessment models to substantiate sensible regional policy approaches to mitigation in the transport sector. The scoring of policies is based on the outcomes of Figs. 1, 2 and 3, though the method is arguably arbitrary, as explained in the notes below the table. In short, a positive scoring for a certain policy in a certain region means that relative to other world regions (or, in the case of fuel efficiency standards, relative to the situation without the policy), the policy is effective according to our model projections.
The results in Table 1 show a differentiated picture across regions and the scenarios. According to our criteria, only three regions shows the same evaluation for all three policy options for the baseline and the mitigation scenario. For some regions, however, promoting electric vehicles seems like a relatively effective policy under both a baseline and mitigation scenario. These regions include OECD regions such as Western Europe, the USA and Oceania, but also regions such as Central America, India, and Southeast Asia. Differences in projected biofuel availability are less pronounced between the baseline and mitigation scenario. Regions with a relatively large projected overproduction, in both the baseline and mitigation scenario, include Canada, the USA, Mexico, South America, Western Africa, Central Europe, Russia, Central Asia, Southeast Asia, and Oceania.
It should be stressed that the policy options included in this study do not exclude each other. A combination of fuel efficiency standards and biofuels, for instance, could result in a larger mitigation potential than the implementation of one of these options separately. Finally, some regions- Fig. 3 Projections for regional CO 2 emission factors from electricity production by 2050 in the baseline and 450 ppm mitigation scenario especially in the mitigation scenario-do not score positively for any of the three policies. This does not mean that these policies do not lead to a reduction in emissions in these regions; it just indicates that in other regions, the policies may be more effective.
Obviously, both model assumptions and the definition of the criteria (applied as elaborated in the text below the table) are crucial to the outcomes and to the resulting evaluation. Therefore, further analysis should elaborate the relevance of outcomes from such a regional policy approach and could also explore the sensitivity of the outcomes to assumptions on, for instance, vehicle costs. Robustness of the analysis could also be enhanced when they are compared to outcomes of other models. A few other remarks and uncertainties to the applied analysis are discussed below.
First of all, it must be noted that the described effect of the fuel efficiency standards is a result of inputs and assumptions in the TIMER transport model and therefore not necessary the only potential outcome in a real world situation. Two issues are key in particular. First, the decrease in costs per kilometer for gasoline cars under the fuel efficiency standard is a result of assumptions on future fuel costs and the additional purchase price for more efficient cars. Secondly, we assume that there is no improvement in fuel efficiencies of cars that do fulfill the fuel efficiency requirements. Thereby, we ignore possible spillover effects of additional research and development, which could also lead to improved fuel efficiencies for (hybrid) electric cars. On the other hand, the development of market shares for (plugin) hybrid electric vehicles is itself dependent on uncertain assumptions on developments of costs. The TIMER travel assumptions lead to significant baseline market shares for plugin hybrids in wealthy countries only after 2030. Some studies hint that if current growth in adoption of hybrids would be continued, it would lead to significant market shares much earlier (Navigant Research 2013) . This would also mean that the competition between fossil-fueled and hybrid electric vehicles would happen earlier than predicted by TIMER. (Fig. 1) ; biofuels are considered effective when the projected regional production is more than 10 % higher than the projected demand for biofuels (Fig. 2) ; electric propulsion is considered an effective climate change mitigation technology when the power sector has a lower carbon intensity than the world average (Fig. 3 Secondly, the conclusions on projected electricity emission factors (Fig. 3) are not based on the ''additional'' capacity needed to supply the increase in electricity demand from additional electric transportation, but on an average of the regions current generation capacity. In some regions, this is highly influenced by the existing hydropower capacity, which is expanding at very different rates regionally, and on top of that may be affected by climate change in very different ways (Hamududu and Killingtveit 2012) . The current emission factor may thus be biased for characteristics of the existing stock and should preferably be determined over the additional capacity only. This rationale also holds for the case of negative emissions in the power sector under the mitigation scenario. An average negative emission factor for the electricity sector does not mean that additional electricity demand for passenger transport would be supplied by a net negative technology. For instance, when a region is at the maximum potential for BECCS deployment, the additional demand may be supplied by a fossil fuel plant.
Thirdly, a possible drawback of a regionally differentiated approach to mitigating CO 2 from passenger transport is the lack in technological learning compared with a more homogenous choice of technologies.
Model outcomes such as presented here should always be interpreted against the assumptions that are made: They point at certain potential mechanisms, opportunities and risks in implementing policies. In that context, we feel that a more elaborate analysis of the possible dynamics in both the transport and the electricity sector is necessary before the indicative approach can be used to inform actual policies. One important improvement that could be required is a higher level of regional detail, as real policy decisions are made on a national level. Yet, we find the regional information from model experiments useful, because they substantiate long-term policy decisions in a sensible and a tangible way and clearly indicate how the effectiveness of policies could differ under different scenarios. Obviously, considerations for transportation policies may not be solely based on effectiveness in terms of greenhouse gas mitigation. Air quality concerns and energy independence, for instance, are well-known policy incentives, which could be incorporated in a regional analysis. The aim of this paper is to contribute to an open discussion to the practical application of model results to alleviate issues of choice in long-term policy planning.
